Abstract: Experiments demonstrating controlled optical propagation through a dynamic, highly scattering medium are described. The phase of a coherent beam is controlled both spatially and temporally using a reflective, 1020-segment MEMS spatial light modulator. 
Summary
Adaptive optics has become indispensible in certain high-resolution imaging and beam-propagation systems as a way to compensate unavoidable wavefront aberrations. For the most part, applications of this technique have succeeded only when the aberrations are both measurable and constrained within a relatively thin slice of the optical path, allowing phase conjugation with a deformable mirror or spatial light modulator. Controlled imaging or beam propagation through highly disordered, extended dynamic media is considerably more challenging. Over the past five years, a number of research groups have demonstrated focusing and controlled propagation through static scattering media [1] [2] [3] [4] [5] [6] [7] and through dynamic biological media [8] using liquid crystal spatial light modulators (SLMs) to modulate phase using an optimization algorithm based on feedback from a sensor on the far side of the scattering medium. More recently, one group has demonstrated focusing through a dynamic scattering medium using a binary intensity modulation and off-axis holography [9] .
The work presented here describes experimental results on optical transmission through nearly opaque media and focusing using a microelectromechanical system (MEMS) reflective spatial light modulator SLM (Boston Micromachines Corporation kiloSLM®) [10] , which can speed optimization rates, enabling robust focusing at intensities up to several hundred times the background level. This SLM has been used previously in a variety of applications requiring control of dynamic aberrations containing high spatial and/or temporal frequencies [11] [12] [13] [14] [15] [16] [17] [18] [19] . It is comprised of 1020 controllable mirror segments in a 32 × 32 array (with immobile mirror segments at the four corners of the array). Each segment measures 300µm square and 3µm thick and can be translated in a surfacenormal direction using voltage control to an underlying electrostatic actuator. Each segment translation is controllable over a range of ~1.5µm. The SLM was pre-calibrated using a surface mapping interferometer (Zygo NewView 6300), to allow subsequent direct phase control with ~0.01 wave accuracy at the laser wavelength of 532nm. The SLM can be updated at a frame rate of ~30kHz. In the experiments reported here, the 32 × 32 pixel CMOS sensor used for optimization feedback limited the overall system control frequency to be ~350Hz.
A schematic representation and a photograph of the experimental setup are depicted in Figure 1 . The phase of a collimated beam can be controlled over a full wavelength at each of spatially distributed, independent mirror segments. The SLM optical plane is reimaged onto the front surface of a scattering medium using a lens and a microscope objective, and scattered light exiting the medium is projected by a second objective onto a CMOS camera sensor. The objective of the optimization algorithm is to enhance the intensity of a single speckle grain at the center of camera sensor plane. The optimization algorithm employed in this work is based on coordinate decent using a set of orthogonal Walsh functions as a basis set [20, 21] . Details of the algorithm have been reported previously [22] .
A number of different scattering media were used, including a 12µm thick film of fixed dry titanium dioxide paint on a glass slide, a dilute mixture of paint and paint extender (i.e. a dilution medium), and a 5mm thick slab of tissue from a chicken breast.
The results from focusing through chicken breast tissue are depicted in Figure 2 . While the diffusion time constant of individual scatterers in such biological tissue can be as small as a few milliseconds, we found that the speckle decorrelation time was more closely linked to larger scale spatial fluctuations of the medium -essentially bulk translation of large numbers of scatterers with respect to the fixed optical system. The speckle decorrelation time constant was determined to be ~6.7 seconds through an ensemble average of autocorrelations of all 1024 pixels in the camera sensor before optimization. The average camera pixel intensity before optimization was recorded for use as a normalization factor in all subsequent image measurements. Optimization reached an approximately steady enhancement level (defined as the optimized final peak intensity divided by the spatial mean of the initial image intensity) of ~150 in approximately 15 seconds. After optimization was stopped, the SLM was held at its final optimized state and the subsequent exponential decay in intensity enhancement was recorded. The time constant for this decay was ~6.8 seconds. Thus, we have successfully focused coherent light by pre-compensating prior to encountering nearly opaque, dynamic scattering media. Whereas the experiments reported are limited by camera speed, the MEMS device will accommodate increased optimization speeds almost one hundred times faster than demonstrated here. Increased temporal bandwidth is needed to accommodate scattering media with increased dynamics, including greater rates of bulk translation and eventually scatterers that evolve on a microscopic scale. In future work we plan to increase the temporal bandwidth of our adaptive system by using high-speed sensors and improved optimization algorithms. This work was supported by a grant from the Keck Foundation. The SLM was provided by Boston Micromachines Corporation (BMC). Professor Bifano acknowledges a financial interest in BMC.
